ABSTRACT The luminal and discoid vacuole membranes of the superficial cell layer of the transitional epithelium of the mammalian urinary bladder have been studied by thin-sectioning and freeze-fracture-etch (FFE) electron microscope methods. For the FFE studies membranes were deposited on a cationized glass surface, covered by a thin copper disc, and fractured under liquid N2. Specimens were etched at -100°C and replicated at -190°C. A model of the lattice membrane derived from thin sections was used to predict the heights of the fracture faces above the glass surface . A hexagonal pattern of globular intramembrane particles spaced 160 A apart was seen in the external fracture (EF) face plaques as previously described and regarded as the dominant structure. However, very extensive areas of another pattern, seen before in only limited areas, have been found in the EF faces . The pattern consists of a smooth hexagonal lattice with the same space constant as the globular one but a different structure . By image analysis it consists of overlapping domains bordered by shared but incomplete metal rims . Each domain has a central spot of metal encircled by a shadow . The surface of the smooth lattice is partly complementary to the corresponding protoplasmic fracture (PF) face which shows a similar hexagonal lattice with the same space constant . The height of the smooth EF lattice above the glass substrate is the same as the plane of the center of the lipid bilayer predicted by the model . The mean heights of the particles of the globular EF lattice are greater than the total thickness of the membrane as predicted by the model and confirmed by measurements . The globular EF lattice is not complementary and it is concluded that the globular particles do not exist in the native membrane but arise artifactually during the preparatory procedures .
model derived from thin sections to predict the heights. We have found two kinds of lattices in the EF faces, the previously observed globular particle lattice and extensive areas of another smooth lattice, resembling one observed in only very limited areas earlier by Staehelin et al. (47) . The latter corresponds in height to the center of the bilayer as predicted by the model and is nearly complementary to the PF faces. The mean height of the particles of the globular EF lattice projects 163 A above the glass, and the globular EF face is not complementary to the PF face. We conclude that the globular particles are preparatory artifacts.
MATERIALS AND METHODS

Isolation of Hexagonal Membranes
The terms "hexagonal membrane" or "lattice membrane" are used to refer to the membranes with plaques containing hexagonal lattices ofparticles. Hexagonal membranes from cow urinary bladder were isolated by the procedure described by Vergara et al. (55) with slight modifications to be described elsewhere. This procedure involves isolation by sequential banding in two-step sucrose gradients whereby the material "zoning" at 32% wt/wt sucrose (density = 1.13 g/m) consists of highly purified hexagonal membranes. The procedure employs only a sucrose solution in Tris-HCl buffer at pH 7.4 and avoids any extractive agent.
Freeze-fracture
The heights of the membrane structures were calculated in selected areas in stereoscopic micrographs taken at about x 40,000 at 0°, +20°, and -20°. Membrane areas were selected for measurement that were not artifactually turned up from the substrate . Shadow lengths were measured parallel to the shadowing direction .
The part of the l2-mm covershp on which we deposited our specimens, from which we took replicas at random for study was -8-10 mm in diameter . No effort was made to compensate for the ±5 mm variations in the shadowingangle because of the exact location of the specimen used . This could make a difference of ±0.8°in the shadowing angle, introducing an error of about ±5% in the measurements. The shadow lengths are influenced by the thickness of the replica, in that the measured length is approximately the result of the mean of the zero and final value of the metal thickness. This could increase the measured heightŝ -5% if the vertical metal thickness is 10 ,$ . Another potential source of error is departure from flatness of the coverslip surface. However, we have detected no such deviations and the internal consistency of our data suggests that the surfaces are flat .
So far we have not studied complementary fracture faces. We have examined -600 specimens .
RESULTS
Thin Sectioning
In sections, the hinge membrane has the usual unit membrane appearance and is^-75 A thick. The lattice membrane is similar but has a layer of densely staining particulate material added to the outer dense stratum. In edge-on views, individual particles may be clearly seen, as in Fig. 1 a. Each particle is -65 A high by -100 A wide, and they are spaced at a period of -140 A. The overall membrane thickness including the particles is 130 A (Fig . 16 and Table I ) . The hinge membrane thickness of^-75 A was measured in other micrographs . We expect shrinkage in sections and we wish to compare measurements made in sections with ones made in freeze-dried material . Severs and Warren (42) measured the diameter of the external particle in freeze-dried material to be 121 ± 21 A. We measure this value to be -100 A in Fig. 1 , suggesting shrinkage of 13%. We have measured the mean thickness of the hinge membrane freeze-dried on glass to be 86 A. In sections, the corresponding figure is 75 A, 15% less . Thus we estimate shrinkage to be 15% and correct the values in Table I accordingly . Individual components, of course, may not shrink this much or not at all.
Thin sections of the purified fraction show irregularly folded sheets of membranes of varying size that may fold into vesicles with the particle arrays directed either outward or inward .
Freeze-fracture-Etch EXTERNAL SURFACE Fig. 2 shows an unfractured membrane adhering to the glass by its protoplasmic surface (PS) . The external surface (ES) particle lattice is revealed by freeze-drying. Several plaques (P) are seen . A few scattered individual particles lie free . These cast sharp shadows (left three small arrows). The membrane between the plaques is the hinge membrane (*) seen in sections as ordinary -75-A unit membranes free of particles. It is unusual to see particles detached from the plaques lying free in the hinge membrane surface as in this picture. They show a central depression and cast shadows of the same lengths as the ones at the edges of the plaques. In flat areas we measure the individual particle heights above the hinge membrane surface as 53 ± 10 A (50 particles) . This is less than the -75-A figure predicted for the particle thickness in Table I but here we are measuring to the ES of the hinge membrane instead of to the bilayer core . From the shadows cast by the particle-free hinge membrane onto the flat glass surface as at the small arrow on the glass surface to the right, the thickness of the hinge membrane (*) in this micrograph is 83 A.
The central part of the area labeled P in Fig. 2 is enlarged in Fig. 3 a. Its diffraction pattern is shown directly in Fig. 36 and through the filtering mask in Fig. 3c . The filtered ES image is seen in Fig. 3 (a) Transection of membrane of a fusiform vacuole showing the particle lattice in profile . The region designated by the arrow is enlarged diagrammatically to the right in b. The preparation was fixed in glutaraldehyde-OsOq, acetone dehydrated, Epon embedded, and sectioned with a diamond knife. Uranyl and lead stained . x 248,000. FIGURE 2 A replicated unfractured freeze-dried lattice membrane attached to glass with the ES particle lattice (P) up . The shadowing direction is indicated with an arrow to the upper right in this and other FFE micrographs. x 160,000. Fig. 12 but the globular lattice more often dominates as in Fig. 11 . Both kinds of lattice sometimes occur in the same plaque. In such cases no sharp boundaries delimit either type of pattern and no change in the direction of the main rows occurs . This is illustrated by the plaque with the aligned arrows in Fig . 8 and the plaque labeled SP in Fig . 10 . Sometimes the two types of lattice are seen in adjacent plaques as in Fig . 9 . In both kinds of structure, either particles or domains are present in hexagonal close packing with a centerto-center spacing of 160 A.
Optical diffraction patterns (insets, Fig . 9 ) show that both kinds of structures share the same unit cell dimensions . Each shows, however, a characteristic distribution of intensities of the diffracted spots . The coarse globular particle lattice to the right in Fig. 9 gives six equally strong first-order spots (1, 0) of a hexagonal lattice with higher-order spots of diminishing intensity . The absence of asymmetry caused by unidirectionality of the shadowing indicates that decoration plays a significant role in the pattern, even though the shadowing mechanism appears dominant . The diffraction pattern from the smooth lattice to the left shows weaker first-order spots (l, 0) relative to the globular pattern with two spots absent perpendicular to the shadowing direction . This indicates that the shadowing mechanism is dominant in the formation of the image . The 2, 0 spots of the smooth lattice are of about the same intensity as the l, 0 spots but the 1, I spots are of distinctly higher intensity . The equivalent positions of the 1, 0 spots from both kinds of patterns indicate that the unit cell is the same . However, the altered intensities of the higher-order spots in the case of the smooth lattice indicate the presence of structural features in the smooth pattern that are absent in the globular one . The very strong 1, 1 spots suggest a higher concentration of mass in the center of each domain in the smooth lattice . The nature of this is best understood by image analysis. Superficial examinations of the micrographs by sighting along the lattice obliquely in micrographs like Fig. 8 give the impression that the repeating unit is a double row of raised ridges with a depression between them . Image analysis confirms this and shows that it is rows of individual roughly annular domains each of which has a depressed center with an elevated central metal spot. The individual domains (arrows) can be made out directly in Fig . 4a . The diffraction pattern from this area is shown directly in Fig . 4 b and through the mask used for filtration in Fig. 4c . The filtered image is shown in Fig . 4d . Here a hexagonal array of clearly defined domains (arrows) is apparent . Each shows up as an incomplete annulus of metal surrounding dark shadows . One of these is cast by the elevated annular edge of the domain in the line of shadowing and the other by a raised structure coated with metal in the center of the domain. Only the edges of the domains perpendicular to the shadowing direction show up and the edges are shared by adjacent domains . The center-to-center spacing of the domains is -160 A (arrows) . The shared metal annular ridges delineating the domains are 20-25 A wide and the central spot of metal is -20-25 A in diameter .
Another difference between the globular and smooth lattices is best seen in stereo micrographs (not shown) in which the globular particles can be seen to lie in a plane distinctly higher than that of the smooth lattice .
We have also studied membranes fractured on glass at -190°C and replicated immediately without etching (not illustrated) . In these the fractured membranes are surrounded by amorphous ice of variable thickness which prevents measurements directly to the glass surface. The EF faces also show the globular lattice in association with the smooth lattice and in places transitions from one type to the other . Both lattices occur with about the same frequency as in the specimens described above.
In whole cells, the dominant picture in the EF face is that of the globular lattice . However, the smooth lattice does occasionally occur in limited areas as noted previously (47) . In Fig . 13 we see an area (arrows) in the convex EF face of a discoid vesicle in which the smooth lattice is clearly identifiable . This micrograph is of an unetched whole cell preparation frozen in propane by the method of Gulik-Krzywicki and Costello (19) in the Balzers 360 apparatus . Thus the smooth lattice is not simply a product of the glass-fracturing technique, the prolonged etching, or some peculiarity of the apparatus used . It is demonstrable in intact cells but seems to be unstable and easily converted to the particle lattice .
The relatively featureless areas between adjacent plaques marked with asterisks in Figs . 8 and 10-12 are the hinge membrane EF faces . These areas are relatively extensive in Figs . 8, 10, and 11, making up -25-30% of the total membrane area (42) . In Figs . 9 and 12 they are distinctly reduced . In Fig .  9 they are so narrow as to be hardly distinguishable. Indeed, the two plaques marked SP and GP can only be seen as separate ones by sighting diagonally along the rows and noting that there is a sharp break in direction in the line of transition from the smooth to the globular lattice. Such marked reduction in the area of the hinge membrane has only been seen in the isolated membranes .
PF FACES LATTICE MEMBRANE : In the material fractured on glass and etched we have frequently seen sheets of membrane with no identifying features . These were about the same size and were found with about the same frequency as the clearly identifiable lattice membranes . It became apparent after studying the specimens on glass replicated without etching that these amorphous membranes were the protoplasmic membrane halves because they had the features seen in Figs. 5 and 6 . The PF faces are known to be very sensitive and to rapidly lose their identifying features during etching (42, 47) . These micrographs showed the typical appearance of the plaques in the PF faces . They were the same size, shape, and distribution as the plaques in the EF faces but uniformly had the appearance in Figs . 5 and 6 when shadowed at a low angle . This is the pattern previously described (30, 42, 47) Hydrophobic core 35 40 Protoplasmid dense stratum 30 35 Overall hinge membrane thickness 75 86 Lattice membrane fractured on glass displaying Efface . In the lower center a plaque is seen which did not fracture and thus displays a PS . x 128,000.
FIGURE 9
EF face of the lattice membrane on glass. The smooth pattern (SP) is seen to the left and the globular pattern (GP) to the right in closely adjacent but separate plaques. x 212,000 .
Figs . 5-7a from a small angle one can easily see a regular pattern, but its exact nature is difficult to define in direct images . This is, however, easily done in filtered images .
The area in an incomplete dark shadow which surrounds a central metal spot . This is best seen in the filtered image (Fig . 7 d) . The image is distorted by the unidirectionality of the shadowing, but it is clear that the unit cell is the same as the one in Fig . 4 d from a smooth EF face with which it should be compared . As in the EF face, the repeating domain in the PF face also consists of an annulus of metal surrounding a ring of shadow around a central spot of metal. The annulus is incomplete in the EF face and complete in the PF face, but otherwise the patterns are similar . Each of the surfaces contains regular arrays of material that constitute repeating domains . In both cases the domain contains a central raised spot of metal surrounded by a shadow, indicating a depressed ring . The depressed rings of the two surface domains are mirror images of one another . The rest of the domains are roughly complementary. They differ only in the incompleteness of the outer ring in the EF face and the widths of the outer rings and central spots. In the PF face the outer annulus is thicker (-40 A) and the central spot larger (-60 A) than the corresponding structures in the EF face. Fig . 16 b shows diagrammatically the features of the EF and PF domains in profile view . The aligned arrows point to the raised central spots of the EF domain below and the PF domain above .
HINGE MEMBRANE : The hinge membrane areas in Figs. 5 and 6 (*) are of about the same proportional area as found by Severs and Warren (42) in glutaraldehyde-fixed intact cells.
The PF faces of the hinge membrane in nonetched material sometimes appear smooth and featureless, but sometimes they are covered by numerous small particles 50-80 A in diameter either randomly distributed or in irregular rows as in Fig. 5 . This type of particle also appears on the plaque PF faces (Figs . 5 and 6) . The particles indicated by the three lower arrows in Fig. 6 lie on the hinge membrane PF face (*). The ones designated by the two arrows to the upper left center are on the lattice PF face . The inset to the upper left is another area in the same micrograph in which a fractured ice surface was identified and interpreted as lying in the bladder lumen . Note the particles designated by the arrows . The one to the left is like the ones seen on the hinge membrane and plaque membrane PF faces . The other two are localized to the boundary between the ice and the membrane fracture face . The upper one seems to be two particles lying close together. There were a moderate number of such particles on the ice surface, but they were not closely spaced .
UNUSUAL PLANES OF FRACTURE : It is generally accepted that fracture planes do not normally run along membrane surfaces (4, 6, 7, 9, 34, 35) even though they may sometimes do so as shown by Hereford and Northcote (21) . However, as indicated diagrammatically in Fig. 14 , unusual fracture planes frequently occur in our material. Fig . 10 is a replica of the fractured remains of a flattened vesicle with the particulate lattice evened and stuck to the glass . Before fracture, a cross section of this vesicle and the glass roughly in the plane indicated by the diagonal dashed line would look diagrammatically somewhat like Fig . 14 . After fracture, the remaining replicated structures are shown diagrammatically in cross section in Fig . 15 .
Most of the fractured surfaces in Fig . 10 represent the EF faces of the lattice membrane . These show mostly the rough globular pattern (GP), but in some places the smooth pattern (SP) is seen . The surfaces labeled PS lie above the EF faces and in correct orientation cast shadows onto them . We identify some of them as the smooth unfractured PS of the underlying fractured membranes . The rather large sheet of membranelabeled PF to the lower left center lies above the surface below it labeled PS and is the PF face of the membrane of the top side of the collapsed vesicle . Although in the diagram we show this as a lattice membrane some parts of it are probably hinge membrane . The small membrane fragments upon it (arrows 1) cast shadows of the right length and are about the right size and shape to be hinge membrane halves as may be appreciated by comparing them with the hinge membrane EF faces (*) elsewhere. The unlabeled arrow on the PF face points to a structure that could represent a part of the same membrane half as the fragments indicated by arrows 1, but which we cannot identify with certainty. There is no evidence of the characteristic PF face pattern of the lattice membrane . To the upper center in the area marked PS one sees a special feature at arrows 2 and 3 . The part of this surface bordering the globular EF lattice to the lower left is the protoplasmic surface of the lattice membrane just below, which was only partially fractured. Note the bands of lighter and heavier accumulations of metal in the regions indicated respectively by arrows 2 and 3 . The metal is thinner at arrow 2 and thicker at arrow 3 . The changes indicate a change in membrane thickness . They are caused by the transition from a thicker lattice membrane (PS) above arrow 2 to a narrow band of intervening thinner hinge membrane and back to the thicker lattice membrane below arrow 3 in an adjacent placque .
The particles of varying size scattered irregularly on the unfractured membrane surfaces and on the glass surface are interpreted primarily as condensation artifacts .
In the material fractured on glass we can refer to the flat glass surface and compute heights by measuring shadow lengths. At arrow 4 to the lower left and arrow S to the upper right in Fig . 10 the PS of the lattice membrane casts shadows respectively onto the glass surface and the smooth EF face . Arrow 6 to the lower right indicates the shadow of the unfractured hinge membrane on the glass . Arrow 7 to the left of arrow 6 points to the shadow cast by the rough globular EF face onto the glass and at arrow 8 to the upper left onto a surface that we interpret to be the hinge membrane EF face (*) . Fig. 11 again shows the shadow cast by the globular lattice onto the glass surface (broad white arrow and inset) . Fig . 12 provides an example of the kind of shadow cast upon the glass surface by the smooth lattice (broad white arrow) . Note that the rough lattice casts a sharply serrated shadow, while the smooth lattice casts a smooth shadow . The serrated spikes are the shadows of the globular particles. These project above a level defined by the dip between each spike of the serrations. The level from which the spikes rise in Fig . 11 roughly matches the level of the height of the smooth lattice in Fig . 12 . Hence the particles rise above the level of the smooth lattice by a distance defined by the spike heights. In some places as at the arrows in Fig. 9 one can see places where the globular particles of the rough lattice cast sharp shadows onto the smooth lattice.
CLASSIFICATION OF SHADOWED STRUCTURES BY HEIGHT
As indicated in Fig . 15 , several heights above the smooth glass surface or other surfaces, including those mentioned, can be defined . These are each designated by the letter h with a subscript . Nine such heights (h,-h9) are defined in the figure . Three of these (h,-h3) refer to the hinge membrane . h, is the height of its EF face above the glass . hz and h3 are the heights of its PS above the glass and its own fracture face, respectively . Because it is thicker and overlaps the hinge membrane, six heights are measured for the lattice membrane . Two of these, h, and h5, relate its EF surface to the glass (broad white arrow in Fig . 12 and to the fracture face of the hinge membrane, respectively (arrow 8 in Fig. 10 ) . The remaining four heights, h6-h g relate its PS to other surfaces . The first two, hB and h,, ROBERTSON AND VERGARA Intramembrane Particles of the Mammalian Urinary Bladder give its height above the glass and its own corresponding EF face, respectively (arrows 4 and 5 in Fig. l0) . The last two, hA and h9, relate its height, respectively, to the unfractured protoplasmic and EF faces of the hinge membrane . Table 1 . If the value of 120 A in the literature for the membrane thickness and a lowervalue for the particle thickness are used, this makes no statistical difference in our analysis .
We shall now use the dimensions in Table I to predict the FIGURE 11 EF face of lattice membrane fractured on glass showing mostly the globular pattern (GP) . The area designated by the broad white arrow is enlarged in the inset to show the serrated shadow of the globular pattern on the glass. Two small areas designated PS are patches of membrane that did not fracture and are thus protoplasmic surfaces . x 90,000 . Inset: x 145,000. FIGURE 12 EF face of lattice membrane fractured on glass showing the smooth shadow cast by the smooth lattice on the glass (broad white arrow) . x 80,000 . Inset enlargement is of area near white arrow. x 145,000. FIGURE 13 Vesicle in a whole cell preparation like the one used in Figs . 5-7 showing the EF face . x 180,000. heights in Fig. 15 . h, should be half the thickness of the hinge membrane or 43 A; hz should be the total thickness of the hinge membrane, i.e ., 86 A, and hs again half this value; h4 should be the total thickness of the lattice membrane of 150 A minus 43 A or 107 A; h5, the height of the lattice membrane EF face above the hinge membrane EF face should be 107 less 43 or 64 A. hs, the overall thickness of the lattice membrane, defining the PS, should be 150 A; h7, the height of its PS above its EF face should be 43 A; h e , the height of its unfractured PS above that of the unfractured hinge membrane should be the difference between their overall thickness, i.e ., 150 less 86 or 64 A; h9, the height of the lattice membrane PS above the hinge EF face should be 150 less 43 or 107 A. We have obtained measurements of each of these nine quantities and they are given in Table II along with the corresponding expected values  derived from Table I . None of the P values are significant. These were derived from the formula of the Student's t test and statistical tables (43, 1) .
The data in Table II refer only to the idealized model and the smooth EF lattice. What about the globular lattice? We have made three types of measurements on it. First, we measured the maximal heights of the particles above the glass using the peaks of the serrated shadows like those at the broad white arrow in Fig. 11 as the particle heights. The mean of these values is the maximal height of the EF face of the globular lattice and we designate it in Table III as h4a . We also measured separately the heights of the troughs betwee the serrated spikes above the glass. The mean of these values is the minimal height of the globular lattice above the glass and we designate it h46 . We have of course, corresponding measurements of the same structures in the h 5 category, in this case measuring to the fractured hinge membrane surface instead of the glass surface. These are designated h5a and h5a . We have made a third type of measurement on the globular lattice. In some micrographs, as in Fig. 9 at the arrows, individual globular particles cast shadows onto the smooth lattice . We thus include them also in the table measurements of such particle heights above the smooth lattice, designating them h5,.
The expected values listed in Table III require comment. There is nothing in the model to allow us to make any prediction about the value of h 4a . However, we can make some ROBERTSON reasonable guesses about the other quantities . Thus, we might guess that the values of h4b and hsb relate to the smooth lattice heights for h 4 and h 5 in Table II . Hence we assign the expected values of 107 and 64 A, respectively, to hob and hab . Having the value of 163 A for h4a , we might expect the value of h5a to be this figure less the 43-A thickness of the fractured hinge membrane . Hence we assign to h5a an expected value of 120 A (163 less 43 A) . Finally, if the globular particle is a structure added to the smooth lattice, we might expect its height above the smooth lattice to be the difference between the mean height of the rough particle lattice (163 A) and the predicted height of the smooth lattice (107 A). Thus we predict the h,, value to be 56 A.
Note that the mean maximal height of the particles above the glass in the globular lattice areas, h4a, is 163 A, more than the total thickness of the intact lattice membrane . Also note that the heights of the globular particles vary greatly, reaching as high as 234 A, much more than the total lattice membrane thickness. The corresponding h 5 values are easier to compare with the h 4 values if corrected to the glass surface by adding the 43-A thickness of the fractured hinge membrane as indicated in Table III . Note that the height of h5a corrected to the glass is 161 A, very close to the 163 A value of h4a . These are the means of two separate sets of over 200 measurements each and this is the kind of agreement one might expect if we are correctly identifying the surfaces on which the shadows are projected. This agreement thus confirms our identification of the hinge membrane EF faces. If the areas identified as hinge membrane EF faces were sometimes glass surfaces, such close agreement would not be expected . It is also revealing to com-524 THE JOURNAL Of CELL BIOLOGY -VOLUML 86, 1980 pare the value of h5a corrected to the glass, 119 A, to the separately measured value of 120 A for hob . These values are also remarkably close, even though the numbers of the two sets of measurements are smaller. Again the agreement supports our identification of the hinge membrane EF faces. Note that the minimum heights of the globular lattices in both these sets of measurements, 120 and 76 A, are both reasonably close to the mean values of 108 and 69 A for the smooth lattice in the h4 and h,, categories in Table II . This suggests that the troughs between the spikes in the rough lattice correspond to the surface of the smooth lattice. The particles measured at the boundaries between the smooth and globular lattices seem to be the same structures as the spikes in the serrated edge shadows (Fig . 11 ). Adding the average particle height figure of 55 A to the globular lattice minimum height should, if this interpretation is correct, give the value of the maximum globular lattice height . In the hob case adding 55 to 120 gives 175 A, close to the 163 A value in h4a. Similarly, in the hr,b case, adding 55 A to the measured value of 76 A gives 131 A, again not far from the measured h5a value of 118 A.
From the above it becomes quite clear that the spikes of the globular lattice must be something built up upon, expelled from, or pulled out of the smooth lattice during fracturing or replication . The height of the troughs between the spikes is slightly higher than the height of the undisturbed lattice surface just as might be expected if the particle is derived this way. In any case it is clear that the particles and spikes are the same thing. They obviously represent something added to or derived in some way from the smooth lattice during fracturing or replication . We regard them as some kind of decorated plastic deformation artifact of the kind described long ago by Branton Other interpretations of our findings could be made . These rely on the presence of pits in the PF faces to accommodate the globular EF particles . It has indeed been stated repeatedly in previous reports (47, 30, 42) that pits were present in the PF faces . However, reexamination of the micrographs concerned shows the PF face patterns to be essentially the same as those analyzed here in more detail . The term pit as used in the earlier papers was not based on the kind of analysis we have done on these patterns . It was at first assumed by us (30) that depressions of sufficient depth were indeed present in the PF faces but were partially filled in by metal during shadowing . However, the detailed analysis presented here shows this to be incorrect . Also, Severs and Warren (42) commented on the fact that the PF pits were not large enough to accommodate the EF particles. However, they did not elaborate further on this . Staehelin et al . (47) also appreciated that the so-called pits were more complex .
Staehelin et al (47) considered the EF particles each to consist of a set of six cylinders, each roughly 50 A in diameter surrounding a core of different material as estimated from their Fig . 22 (47) . They showed the core material in their diagram as fracturing along with the center of the lipid bilayer and the particles each as a set of six elongated transmembrane cylinders that did not fracture, but rather were withdrawn from the cytoplasmic half of the lipid bilayer, leaving a set of six holes each -50 A in diameter around the central material . Some of our results could be explained in terms of this model . The globular particles we have observed could each be interpreted as groups of six cylindrical particles withdrawn from the PF face with plastic deformation and with decoration by metal obscuring the subunit structure and increasing their height to the degrees observed . The appearance of the PF face would be compatible with this interpretation if the holes made by the six subunits were partly filled in so that all that is seen is a shallow ring around the central residual material . Our smooth lattices then could be interpreted as regions in which the nonlipid subunits fractured cleanly in the middle of the bilayer. This has the attractive feature of offering a ready explanation for the relative resistance of the EF pattern to etching. We consider the above interpretation to be unlikely for the following reasons. There are extensive areas of two distinctive types of pattern in the EF faces in our material, the globular and smooth lattices. If we regard the globular areas to be ones in which transmembrane particles were pulled out of the PF face and the smooth areas to be ones in which the transmembrane particles were simply fractured uniformly in the center of the bilayer, certain consequences are required in the PF faces in unetched preparations. There must be corresponding areas in the PF faces, one of which shows pits corresponding to the globular particles, and another resembling the smooth EF face. Instead we see only one pattern in the PF face, and it is like the one in Figs . 5-7 . Another consequence of the above interpretation would be that the areas in the PF face from which the globular particles were not withdrawn but were cross fractured should be as resistant to etching as the EF face smooth lattice regions. This should result in two different kinds of pattern in the etched PF faces . Instead, again we see only one pattern . The PF face pattern is uniformly destroyed by etching. Hence this interpretation is not tenable .
Even if under other conditions true conical pits were to be demonstrated in a PF face, this would not affect our interpretation because such pits in sufficient numbers and regularity do not occur in our material . If they should appear in other material treated differently, different interpretations would be required for that material .
It might be argued that the metal that we have observed in Fig. 7 a) , but it is more clear in the filtered image (Fig. 7 d) . Here the spots of metal are each surrounded, albeit incompletely, by a dark shadow ring . If there is a structure in the center of each ring, there should be either a complete ring of shadow around it or a demilunar shadow cast on the side of the central material toward the metal source and a conical shadow from it perpendicular to the direction of shadowing, depending on the depth of the depression around the central material . This is essentially the case as can be seen in the filtered image (Fig . 7 d) . The dark-shadow ring around each central metal spot is almost complete, although the shapes of the shadows are somewhat distorted. There is some interruption of the shadow ring by metal toward the lower right in Fig. 7 d. However, this is easily understood, bearing in mind that this surface was shadowed in a whole cell where the orientation was unknown, by supposing that the plane of the membrane is rotated to some degree around the line of shadowing. This could easily cause one side of the ring-shaped shadow to be partly filled in .
Problems of Complementarity
In considering the complementarity of the EF and PF faces in the lattice membrane, we should make a clear distinction between the two kinds of patterns we see in the EF faces. Severs and Warren (42) measured the diameter of the globular IMP particle to be 121 ± 12 A. We have measured the height of the particle and shown that it projects a mean distance of 55 A above the plane of the smooth EF lattice. The globular IMP does not display substructure . In the smooth EF surface each globular particle is replaced by a domain with a more complex structure. Further, by contrast to the particle, the domain does not project above the fracture plane in the center of the bilayer. Instead, a portion of it is slightly depressed. The particles and the corresponding domains are therefore quite different. Fig.  16 is a diagram that should make this clear. In a the globular EF particles are drawn to the mean height in the globular lattice determined by our measurements (h 4a in Table 111 ) . In b the domains are drawn in the lower membrane half to scale as they appear in the EF faces of the smooth lattice . The PF face of the upper membrane half is shown diagrammatically as it appears when shadowed at a low angle in unetched material. In the unfractured region these patterns are continued for clarity, but in fact they might well be smooth before fracture . The depressions could result from slight melting or differential collapse during replication . Consider the appearance of the PF face to be expected if it is to be complementary to each of the two kinds of EF faces. In Fig. 16b the PF face is just as we see it in all the published micrographs in which a pattern is visible. The domains in the PF face correspond closely to the ones in the EF face in the smooth plaques. Each consists of an annular rim of metal around a central spot separated from the rim by a depression . The annular rims are wider (-40 A) in the PF 526 THE JOURNAL Or CELL BIOLOGY -VOLUME 86, 1980 FICURE 16 Cross-sectional diagrams of the lattice membrane with the external surface facing down . In a is shown the appearance to be expected if the globular pattern were real . The PF face above would have to contain deep pits that penetrate all the way through into the cytoplasm . This appearance of the PF face has not been seen by us . The lower diagram b shows the degree of complementarity of the EF and PF faces found in the smooth pattern regions . The lower arrow designates the raised center of an EF domain and the upper one that of the corresponding PF domain .
face, and are more complete and the central metal spot is larger (^-60 A) than the corresponding structures in the EF domains. The depressions in each surface are mirror images. Otherwise the surfaces correspond closely. In Fig. 16a , in which the PF face is drawn to be complementary to the globular lattice, we see spherical pits -120 A in diameter penetrating the whole thickness of the protoplasmic half of the membrane . Such holes have not been observed in any published micrographs, no matter at what angle the shadowing material has been deposited . To be sure the shadowing angle influences the appearance of the PF plaques. Fig. 18 in reference 36 shows several plaques shadowed at different angles. The ones shadowed at high angles simply appear smooth and the lattice can only be detected by optical diffraction. At lower angles the lattices appear as in Figs. 5-7. Because the globular pattern is the dominant one, deep pits or holes should be the dominant pattern seen in the PF faces. When pits such as this actually exist in fracture faces, they are readily demonstrable as in gap junctions. Because they have not been demonstrated in the bladder membrane in any published micrographs, we conclude that they must not occur to any significant degree . This agrees with our conclusion that the commonly observed raised globular particles do not exist in the intact membranes. The globular particles seen in our preparations must be produced from the smooth lattice as an artifact at some point in the preparatory procedure. One might visualize them as being produced by some kind of plastic deformation of the EF lattice occurring during fracture or perhaps by some kind of explosion during fracture or subsequently during replication. Their height may be increased by decoration before and/or during replication and we have optical diffraction evidence for this . The important point is that the -120 x 55 A amorphous globular particle of the commonly observed EF face is an artifact in the sense that it does not exist as such in the native membrane, regardless of the exact nature of the artifact .
One further point about complementarity deserves comment. The PF and ES images in Figs . 7 d and 3 d are to some extent complementary. To a lesser degree, this also applies to the EF image in Fig. 4d . It is curious that the regions in the ES that project and accumulate metal should correspond to depressed regions in both the fracture faces.
Other Problems of Artifact
We have considered the obvious possibility that the smooth lattice is an artifact produced from the globular lattice by the procedures we have used . Perhaps the globular particles simply collapse into the smooth lattice either in LN2 or during the prolonged etching, being altered just as the PF patterns are changed. We do not believe this to be the case for several reasons. First, the globular lattice should not be compared with the smooth PF lattice in this sense. The variations in contours in the globular lattice are at least an order of magnitude greater than those in the PF face lattice . Second, we have seen the smooth lattice in whole-cell preparations that have not been etched (Fig. 13) . Third, Staehelin et al. (47) observed a limited area of this lattice at least once in their material . Finally, the smooth lattice is more nearly complementary to the PF lattice and the rough globular one is completely uncomplementary.
Sensitivity of the PF Face
Considering the similarities in the patterns seen in the PF faces and the smooth EF faces it is curious that one, the PF face, should be very sensitive to etching and the other, the EF face, very resistant. The PF face pattern is rapidly destroyed during etching according to Staehelin et al (47) and Severs and Warren (42) . Our results agree with these observations. The EF pattern in contrast withstands prolonged etching very well . This suggests that the constituents responsible for the observed patterns may differ significantly
External Particle Lattice
The loose arrangement of particles between the compact plaques in Fig. 2 deserves some comment. This is an unusual appearance which might be an artifact induced by the isolation procedure or represent a stage in assembly of the lattice (42) . We interpret it in any case as being an indication of fluidity in the membrane . Another manifestation of fluidity is the fact that the plaques in some of the isolated fractions are closer together, greatly reducing the total fractional area of hinge membrane (42) . We have not made quantitative measurements, but there is obviously a significant reduction in the hinge membrane areas in membranes like the ones shown in Figs . 9 and 12 as compared with ones like Figs . 5, 8, 10, and 11 . Whole plaques evidently can move in relation to one another, altering the relative area of hinge membrane as they do so . It would seem that this movement usually occurs without disruption of the regularity of the particles in the lattice, because the kind of picture seen in Fig. 2 is very rare .
Nature of the Globular IMP
We cannot specify the exact nature of the globular IMPs but we believe them to be primarily plastic deformation artifacts of the kind described in a recent article by Sleytr and Robards (45) . Their size evidently is exaggerated by decoration before and during replication (2) . Decoration undoubtedly plays a significant role here but we believe the primary process to be plastic deformation. It may be that small plastic deformations of the lattice domains occur during fracture and that these decorate first with water during etching (8) and later with metal (2) during replication to exaggerate their size .
The globular IMPs seen in Figs . 6 and 7 on the PF faces support the latter interpretation . These particles occur mainly on the hinge membrane PF faces but also are seen on the lattice domains of the PF plaques, on adjacent smooth ice surfaces and on the intersection between ice and membrane surfaces. They are very variable in numbers and many hinge membrane PF faces are entirely free of them over the areas of many plaques. They thus lack specificity in size, location, and distribution. It seems most likely that this particular particle represents a water condensation artifact of the kind described recently by Gross and Moor (17) and Gross et al . (18) . It is important that they appear in an unetched specimen .
The work reported here may be useful in the interpretation of the nature of IMPs in general. Franke has discussed the problem in making such interpretations with particular clarity (16) . There is no doubt that polypeptide chains frequently traverse the lipid bilayer in membranes (31, (39) (40) (41) 58) . There also seems little doubt that some protein molecules reside within the bilayer where they may form channels that mediate transport phenomena either within themselves or by aggregation as discussed by Singer (44) and shown to be the case in gap junctions (10, 32, 51, 59) . The purple membrane of Halobacterium halobium is an extreme example of this (20, 48, 49, 50) . Such transmembrane proteins may, of course, be related in some cases to the ubiquitous IMPs and indeed in some cases the IMP might literally be the protein molecule itself coated with metal. However, in the purple membrane individual bacteriorhodopsin molecules have not been resolved in FFE preparations . Only aggregates (3, 15, 52, and footnote 1) have been seen and these appear qualitatively different from the usual globular IMP like the ones seen in the bladder membrane. Recently, typical -I 0-nm globular IMPs with pits in the complementary fracture faces have been produced experimentally tn a pure lipid mixture of lecithin and cardiolipin in the presence of Ca" (56) . Clearly it is important to decide whether or not one can identify a particular IMP in molecular terms on its morphological characteristics. The work reported here suggests that this should be done with great caution.
